The TaC/VC inhibitor was added in nanophase WC/Co powders by either a mechanical or chemical doping method. The microstructure and mechanical properties have been investigated for the WC/Co hard alloys which were sintered with these powders. After sintering, most of the WCs maintained their original round morphology and fine microstructure. In the mechanically doped alloy, exaggerated and abnormal local grain growth was observed which was supposed to be caused by the non-uniform distribution of the TaC/VC dopant. However, such an abnormal grain growth problem does not appear in the alloy when the inhibitors were chemically doped into the powders. Due to relatively fine and homogeneous microstructure, the nanophase WC/Co doped by the chemical method showed a higher hardness and better transverse rupture strength than that doped by the mechanical method.
Introduction
The mechanical properties of WC/Co cemented carbide prepared by a powder metallurgy technique increase with the decreasing WC grain size.
1) Also, the small grain size of the powder leads to a high sintering rate due to the large interfacial area between the WC particle and Co phase.
1) It is known that abnormal grain growth may occur due to the rapid growth of the carbide particles during the sintering. 2) Currently, suppressing the grain growth of the WC during sintering of the nanophase WC/Co has became one of the tasks for the metallurgist. Generally, grain growth inhibitors, which alter the interfacial energy and effect the degree of interfacial dissolusion and reprecipitation, have been used to reduce the growth rate of WC particles. [3] [4] [5] Transition metal carbide such is VC, TaC, or mixed carbides are known as inhibitors. Compared with the submicron WC/Co to restrict the grain growth of the WC, the nanophase WC/Co requires a relatively large amount of inhibitors due to the large interfacial area. 6) Thus, it is necessary to balance the amount of the inhibitors and properties of the hard metal during processing. Because of the size difference between the nanophase WC and the submicron size inhibitors, mixing of the powders through ball-milling has to have a limitation in homogeneity.
In the present study, both the mechanical and chemical doping methods of inhibitors were adopted to improve the homogeneity of mixing between the WC/Co powders and the grain growth inhibitors.
The difference in the microstructure, sinterbility and mechanical properties between the two sintered alloys prepared by different doping methods have been extensively studied.
Experimental
Nanostructured WC-Co composite powders were produced by the thermochemical method from the starting aqueous solutions.
7 C for 2 h in air. The reduction, carburization and decarburization of the calcined precursor powders were carried out under flowing H 2 , CO/H 2 and CO/CO 2 atmospheres, respectively, at 800 C. The grain growth inhibitor, TaC/VC, was mixed by either a chemical and mechanical method. In the chemical doping method, the soluble metallic salts (ammonium metavanadate and tantalum chloride) were added to AMT-Co nitrate aqueous solutions to form the nanophase WC-Co-TaC/VC composite powders directly from the solutions.
For the mechanical doping method, the TaC/VC powder, with an average particle size of 1.0 mm, were mixed with the nanophase WC/Co powders by ball milling for 1-100 h. The applied weight ratio of powder and balls was 1 : 10.
The nanophase WC/Co-TaC/VC powders were compacted with a lubricant (1 mass% of paraffin) at a pressure of 98 MPa; the compacted pellets were sintered at 1400 C under vacuum for various sintering times. The density and microstructure of the sintered samples were measured by Archimedes method and using a scanning electron microscopy respectively. The mechanical properties of the sintered samples, i.e., hardness and transverse rupture strength (TRS), were evaluated and compared with those of the sintered body whose powders were commercial submicron WC/Co.
Result and Discussion
The nanostructured WC/Co composite powders, which were produced by the thermochemical method, were composed of composite particles of spherical morphology and shell structure ( Fig. 1(a) ). The size of each agglomerated particles was 30-40 mm in diameter. They also consisted of several millions of WC and Co grains, which were connected to each other. They formed a continuous network of fine inclusions, which were usually less than 60 nm in diameter ( Fig. 1(b) ). The ball-milling leads to a decrease in the size of the agglomerates. The size distribution of the agglomerated particles became narrow and homogeneous with increased milling time.
The additions of an inhibitors had a significant influence on the sintering behavior of the compacted body. The variation in the relative density with sintering time at 1400 C is shown in Fig. 2 for the WC/Co and the WC/Co-TaC/VC. The compacts produced from the nanostructured pure WC/Co powder showed a rapid densification, and the specimens achieved a near theoretical density value in about one minute. It is supposed to be caused by the large interfacial area and high capillary force associated with the nanophase/nanoporous powder compact.
However, nanophase WC/Co doped with a grain growth inhibitor, TaC/VC, required a relatively long sintering time for full densification. The addition of grain growth inhibitors to the nanophase WC/Co reduces the solubility of WC in the liquid phase, and lowers the coarsening and densification rate of the WC during sintering.
Sintering rate of nanophase WC/Co doped with 0.7 mass%TaC/VC by the mechanical method showed a low densification rate when compared with the pure WC/Co; the theoretical density was nearly achieved by sintering for 10 min at 1400 C. Powder of the same composition doped by the chemical method required a relatively long sintering time (about 40 minutes) to obtain the full density. However, the sintering rate of the nanophase WC/Co doped by the mechanical and chemical methods was still higher than that of the submicron WC/Co. Figure 3 shows a micrograph of the sintered nanophase WC/Co. During the initial stage of sintering for the pure nanophase WC/Co, the carbide particles retained their the round shape. By the way, the WC particles (black color in the Figures) grew rapidly during liquid phase sintering, and then the round-shaped particles evolved into facetted ones. Large WC facetted grains were observed in the microstructure of the pure nanophase WC/Co that was inhibitor free (Fig. 3) . The coarsening of the WC particles for nanoscaled materials was faster than that of commercial submicron materials. Due to the large surface energy, the carbide nanoparticles showed abnormal grain growth tendency; and the grain size of the assintered materials was twice that of the initial WC grains. The nanophase WC mechanically doped with TaC/VC inhibitors had a fine microstructure (Fig. 4(a) ). Except for the growth of a few carbides, the remaining portion in the particles was very fine and round. However, exaggerated local grain growth was still observed due to non-uniform distribution of the grain growth inhibitors. To improve the uniformity of the grain growth inhibitors distribution, the ball milling time was increased from 1 to 100 h. The exaggerated local grain growth disappeared after ball milling for 100 h, and the microstructure became very uniform (Fig. 4(b) ), but the small portion of the exaggerated local grain growth still existed. The variation in the hardness values with milling time is shown in Fig. 5 for the nanophase WC/Co-TaC/VC prepared by mechanical doping methods. With increasing milling time, the hardness increased due to the decrease in the WC particles and the microstructural homogeneity. The micrographs of the sintered nanophase WC/Co-TaC/VC doped by the chemical method at 1400 C for 20 minutes are shown in Fig. 6 , where the WC particles had a round shape and the exaggerated local grain growth completely disappeared. The mechanical properties of the sintered samples are shown in Fig. 7 and Table 1 . With increasing sintering time, the Vickers hardness of the sample doped by the mechanical method was reduced because of coarsening of the WC, but the hardness of the sample doped by the chemical method continuously increased up to 2000. The high homogeneity of microstructure also leads to an increase in the TRS for the present hard alloys ( Table 1) . As compared with commercial alloys, the hard alloys prepared from nanopowder had superior mechanical properties (Table 1) .
However, it is known that the TRS has a peak value at 1 mm of the WC size, 8) but the TRS of the nanophase WC/Co was higher than that of the commercial submicron WC/Co. The exact reason for this has not yet been determined but it may be caused by the reduction of mean free path in the cobalt phase as well as the effect of grain size strengthening of the WC phase. The thickness of the ductile region of the cobalt binder plays a major role in determining the mechanical properties during sintering. Thus, the nanophase WC/Co offers a superior high hardness and TRS compared with the conventional submicron WC/Co. Finally, it could be summarized that the chemical methods is more effective in improving the microstructure of the WC/ Co hard alloy by inhibitors as compared with the mechanical alloying method. In the chemical method, W, Ta and V are homogeneously mixed at the molecular level in the solution state and the powder has kept the homogeneous during the reduction/carburization step. A uniform distribution of inhibitors in the initial WC/Co-TaC/VC powders doped by the chemical method leads to a very uniform distribution of components in the alloy and suppressing the abnormal exaggerated local grain growth during sintering. It also causes an improvement in the microstructural uniformity as well as the mechanical properties.
Conclusion
WC/Co alloys prepared by the powder metallurgy method with nanoscale initial powders are superior in the mechanical properties to conventional hard alloys. During the sintering of the nanophase WC/Co, densification occurred very rapidly due to the large interfacial area between the WC particle and Co phase. The doping method for the nanophase WC/Co is very important in controlling the microstructure and mechanical properties of the hard alloys. It has been shown that the chemical method is more effective than the mechanical method for doping grain growth inhibitors into the nanophase WC/Co. Such alloys have a fine microstructure and show excellent mechanical properties as compared with the alloys doped by the mechanical method.
